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• A NEW METHOD FOR DES IGN~ 4G SHOCK-FREE TRANSONIC CONTIGUBATIONS

H. Sobieczky’~, N. J. Tu~~ , K-Y. Fungt , and A. R. Seebase~~
University of Arizona
Tucson , Arizona 85721.

- 
Abstract

A new method for he design of shock—free supercritical. airfoils,

wings, and three-dimensiona l. configurations is described . Results illus-

trating this procedur e in two and three dimensions are given. They

include modifications to part of the upper surfac e of an MA.CA 64A410 air-

foil that will, maintain shock—free flow over a range of Itach uu bers for

a fixed lift coefficient, and the modif ications required on part of the

• upper surface of a swept wing with an MACA 64L410 root section to achieve

shock—free flow. Whil e the results ar. given for invisci4 flow, the same

procedures can be ploy.d iteratively with a bounii.vy layer calcu.lar.ion

in order to achieve shock—free viscous designs. With a shock—free pressure

• field the boundary layer calculation will be reliable and not co~plicat.d

by the difficulties of shock—wave boundary—layer interaction.
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INTRODUCTION

Well-~~own requirements for increased efficiency, and in the case of

aircraft , produc tivity , have forc ed the operating conditions of compres-

sors , turbines, propellers , wing sections , and aircraf t into the transonic

regime. Unfortunately , once local regions of supersonic flow occur , shock

waves are likely with the attendan t wave drag , and boundary layer separa—

tion, losses . In the mid—fifties , Morawetz1’ proved tha t shock—free , two—

dimensional, irrotationa.L, near sonic flows are mathematically isolated .

In other words, any s~~ ll changes in the flow or boundary conditions that

provide a shock—free flow will, lead to the formation of a shock wave. Thus

Mor awetz ’ s theorem stated that the shock—free inviscid flow solutions, if

and when they existed, wer e isolated by neighboring solutions that contain

shock waves. Recently this result has been extended to three dimensions

by Cook. 2 Fortunately, it was recognized that such flows would have prac—

ti~~l significance if , as seemed likely, the shock waves that occurred in

neighboring flows were very weak. Wind tunnel research by a. T. Whitcomb 3

at the NaSA Langley Research Center and by U. U. Pearcey4 at the National

Physical Laboratory (U.K. ) led to the development of prac tical “shock—free”

airfoil sections. Subsequ ent analytical studies by Garabedian and Korn,5

Nieuwland,6 Boersto.l, 7 and Sobieczky8 established theoretical design

procedures for two—dimensional inviscid f lows. More recently, the develop-

ment of sophisticated numerical codes for the analysis of transonic flow

fields has led to the design of both airfoils and wings by numerical

optimization .9 ’~
’0 The practical success of the above efforts, as documented

2.by the recent NASA Conf erence on Advanced Technology Research, has been

substantial . Further progress , as reported here , seems likely. The senior

author recognized that the procedure he was using in the hodograph plane
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implied an analogous procedure in the physical plane , and further, that
12,13this procedure did not seem to be res tricted to two—dimensional flows.

This paper reports the success we have had ‘o date in using this idea to

prov ide shock—free designs in two and three dimensions.

Th. design procedure invoked here is, in principle, a simple one .

While there is no guarantee that a shock—free flow will necessarily result

from the procedu re , our experienc, in two—dimensions has been that if the

badograph method will work for specified flow and airfoil parameters, then

the procedure outlin d her e will work, too. Also , it provides neighboring

shock—free airfoil shapes for fix.d lif t coefficient with varying Mach

numbers and varying lif t coeifi~ient for fixed Ma ch numbers , as wall as

providing a multiplicity of closely related shapes that are shock—free at

fixed l ift  coefficient and Mach number . This wealth of shock—fr ee

two—dimensional designs is of no great surprise; it is, then , not surp ris-

ing that they are found with ~i~i~~ 1 computational effort. Two-dfffiensiona .1.

inviscid flow potential airfoil designs require less than. a minute of

CT3~~ 175 CPU time and only a few seconds of CDC 7600 CPU time.

For three—dimensional, flows our results are less extensive. Also ,

whil, it is clear that th. proc edure we use rests on a sound mathematical

f oundation in two d1~ *nsions , this may not be the case in thr ee dimension..

Indeed, for three-dimensional (that is non—planar and non—axisymeetric)

flows we ar e probably solving an ill-posed boundary value problem. The

fact that shock—free flows are obta ined in the cases studied here are a

consequence of the pseudo—analytic character of the ini tial da ta and the

par ticular numerical technique used to calculate the f low in the hyperbolic

region. ’

‘rh. authors are indebted to Profe ssor A. Jameson of the Courant Institute
for alerting them to thi s difficulty .
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We have demonstrated the abi lity to modify three-dimensional. wings

so that, Within the context of the numerical algoritha used , shock—free

flows are obtained. We have not yet demonstrated an analogous wealth of

shock—free flows in the three—dimensional case , but see no reason to

believe that this situation is different there. The practical consequences

of this wealth should prove to be of interest to the aircraft industry.14

DESIGN PR0C~~URE

The procedure we use to find shock—free designs assumes that a r~liable

numerical code is available for computing the flow past a given conf iguration,

such as that sketched in Figure 1. Such codes are available for two— and

thre.-dimensionaJ. inviscid flows. When they are coupled with a reliable

bounda ry layer code , the design procedure outlined here can be used to

calcu late shock—free viscous flow designs . While this would require some

modest iteratio n, it is cert ain.ty possible , both in prac tice and in prin-

ciple. With the existenc e of a reliable analysis algoritha presumed , we

modify this algorithm so that once th. flow becomes hyperbolic we alter the

basic equation. so that they revert to elliptic behavior. This may be done

in a number of ways , but it should be done in a way that it conserve s new ,

but fictitious , “mass ” and “momentum” fluxes to a satisfact ory degree of

accuracy. We may , for ~~‘~~ 1e, change the density ’s dependence from the

usual ons to one that returns the equations to elliptic form. We might

suppose , for he purpose of illustration , that onc e the equations become

parabolic, i.e., sonic , on scie surfac . then at higher velocities the

density will be maintained at its sonic value, giving elliptic equations .

We use a numerical algorir.~~ to compute this fictitious flow pest a con—

figura tion of interest , chosen per haps on the basis of prev ious design

L
- _— —--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~ - -—



_____________________

experience. B cause th. equations are elliptic this will result in a

discretized , pseudo—analytic, description of the velocity , density , and

pressure fields on the embedded parabolic surfaces, and this description

will be consistent with the corr ect governing equations . This initial

data on the parabolic surfaces is then used to calculate the correct flow

field inside such surfaces . This new f low field may, or may not , contain

shock waves. This depends on the choice of the fictitious equations, or

perhaps better , ficti tious gas, used inside the parabolic surfaces. This

new flow wiLl defin, a stream surface that is tangent to , and has the same

curvature as, the stream surface at the intersection of the sonic surface

and the original body. Inside this surface a new body shape is def ined by

the stream surface of the new, but now rea L , flow.

ilere, of cour se, vs ~~se also address the question of whether or not

this ini tial value problem i. well posed . In two diSan.ions ther e is no

difficulty because either of the spatial coordina tes may be designated as

the time-like variable. This is not the case in three dimensions where

only the spat ial coordinate aligned with the f low is time—Like. Because

shock—fre . flows are reversible , the domains of dependence and influence

may be interchanged . But neither the normal (nor the b inormaL) to the

str eam direction can be considered time—like in the thr ee-dimensional.

initial value problem . Thus , it may be ill-posed because data are given

on surfaces that are not in the usual 4~~ ain of dependence. If so, any

computational. algorithm will be unstable for the thr.e-di..”.ionaj, problem.

Further , while such computations can be stabilized by artificial means, the

results ~ ist be considered suspect until t hey are verified by an independent

compu tation. It is this fact that has mad e us stres s that a relia ble

analysis algorithm should be the basis for the design computatio ns . For

I
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two—dimensional. (p 1~ii~~ and axisytmnetx ic) designs this difficulty does not

occur because the lateral coordinate can be considered to be the time—like

dir ection . A simplistic analysis of model problems indicates that varia—

cions in the spanwise direction that are on a scale that is smaLl compared

to the n~~f~i~~1 2~~f~ 1 (flow direction) distanc e may amplify ; thus the

success of the numerical algor ithe here may depend upon its natural filter-

ing of such disturbances. This is not the first time ill-posed problems

have been solved to obtain results of engineering interest; see, for

m~~mp1e, Ref . 15, pp. 448—472.
‘ - I

Fictitious Gas

As mentioned above , modifications are made to the basic equations to

retain their elliptic behavior onc e the flow has accelerated to sonic speed

and a parabolic surface, with the needed initial data , has been generated.

The possible modifications are manifold. We limit our discussion to those

we have used to obtain the results reported here.

For two—dimensional flows we have used Jameson ’-s 16’17 circle—plane

algorithe for the full, potential equation. Thus, in the analysis node , vs

are solving

• ~~~~~ 
+ ~~~~ — 0 (La)

with

- ~i + 9 ~~ M~(l - - .~ )] l~~
_1 

(lb)

where ~ is the velocity potential and p the density. If we limit our

consideration to fictitious gases for which the density is a function of
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the square of the velocity, viz., p — p (q 2), where q2 
— ~~

then gas laws of th. form

p/0
* 

— (a~/q)~~, P < 1, for q a~ (ic)

will insure elliptic behavior; P - 1 gives parabolic behavior and the

fictitious and real, gases have the same value of (d~ / dq) 
~~

• An alterna tive

choice, and the one we have used most extensively here , is P — 0; in

this case Equation (is) becomes Lap lace’s equation. When the flow would

norsaiJ,y be hyperbolic vs now solve Equation (la) with the density—

velocity relationship of Equation (le) . A fic:~tious mass f low, which

matches the real. mass flux at the sonic surface , is ther eby conserved and

the velocity field r~~~1ns irrotational.

For three-dimensional. flows we have used the BaLihaus, Bailey , Fr ick

al.gorir.l~~,
18 as implemented by Mason et a1.~

’9 This is a small per turba-

tion calcu lation and we adopt the classical conservative formu lation here.

Thus we solve, in an equivalent form , the system

‘1

uy
_ v

z O (2)

where the velocity vector is ~~~, 
- a~ [(l + u)i + vj +

A simple modification (2) is to replac e {u 2}
~ by

for all. u. This system is elliptic except on the sonic surface where
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I
u — .0. We may think of the first of Equa t ions (2) as being the consequence

of the small perturbation expansion for the density, viz.,

(3)

whereas the fictitious equation , with u replaced by — I u l for u > 0 ,

results from

(4)0* 2

this fictitious gas has the same value for (dO /du)~ as the real gas,

Equa tion (3) . For thr ee—dimensional design studies , then , we solve Equa-

tions (2) with {u 2} replac ed by —sgn(u){u 2} ;  this corresponds to

using the densities given by Equations (3) and (4) for u < 0 and u > 0

respec tively.

I
Calculation of the Ryperbojjc Flow Field

A.e described above , we calculate the flow past a body using the correct

equations when the flow is subsonic and a modified, incorrect , set of equa-

tions when the flow is supersonic. This calculation serves to define sonic
• surfaces on which the f low field calculation is switched from the correct

equations to the modified ones . Outside this surface , prea~nni~g the

trailing edge of the wing is subsonic , the solution satisfies the correct

equations and the potential at infinity has the correct value for the

circulation. If inf inity in the physical plane is not mapped to a finite

part of the computational. plane , then there is , in principle , a need to

correct the doublet and nonlinear contribution s ; in practice , these con—

4 .
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tributions are ~~a~11 and ch anges in. tham negl.igi~ Le. Thus the flow in the

elliptic, subsonic, domains is fixed and 1c~own , as is the initial data we

need on the parabolic surf ace.

For two—dimensional flows the calculation of the correct hyperbolic

behavio r is carried out using the method of characteristics . This is done

in a hodogra ph—1.ika working plane in which the characteristics are

orthogon al straight lines . U we take ~ 9 + ~ and n — 8 — v wher e

9 is the flow deflection angle and v the Prandt.t-Meysr turning angle,

then th. velocity potential a~~ stream function satisfy

- 
~~

(5)

— —K(~ ~‘)*~

or equivalently,

4 . t 1
~ ,~~ const

where the ± signs ref er to ~ ,r~ — const., respectively. Ear.

— £(v (q) ] — (~I42(q) — lI}
1”2p (O)Ip (q).

• Values for the velocity poten tia l on the pera.bol.ic line, z - z*(x), and

the shap e of this line ar e used along with the usual relations between the

• • spatial coordinates and • and ‘4i to f ind ~ on the sonic line . This

ini tial, da ta is then integrated ~ - ~g Equations (5) to determ ine the locus

~~, (x ,z) — 0 which passes through as intersection of the sonic line with

the body surface. The values of z for which ~~x,z) — 0 determine the

• - -~~~~~-~~~~~~~~~~~~ ~- - -  — ~~~~~~~ — —  -
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new body shape. This shap e will have the same slope , and at least theo-

retically, the same curvature, as the original body at the sonic points .

This follows from the observation that flow quantities are not changed at

the sonic line; thus the streamwise momentum and normal pressure gradient

are unchanged . Consequently the local flow curvature must be the same.

For three—dimensional f lows the calculation of the hyp erbolic flow

f ield is carried out by a procedu re that marches inward from the sonic

surface by successive surfaces of constant density (isopycnics) for the

full. po tential equation, or constant axial flow speed, u, for the small.

per turbation equation. We limit our discussion to the smal l, perturbation

equations, as all, the results reported here derive from them. Prelii~inary

results using the full. potential. equation have been obtained by one of the

authors (N. S. Tu).

We may either write the Equations (2) in the appropriately scaled

form or work with them directly, which we will, do here.

We are given an isotach sur face z*(x,y), as shown in Figure 2, on

whith weknow u u * const., w w *(x,y), and v a v *(x,y). We use

the data on this surface, and the surface shape , to calculate

z*, z*, w*, w*, v*, v*. (6)x y x y x y

Because this da ta satisfies Equations (2) we can veri fy that

— z*w* — z*w*x x y  y x

which can be used , if needed , to check the consistency of the initial data .

The values given in Equation (6) can now be used to calculate the z

— •~~ — - — 
-~ 

- -- ~~~~~~~~~
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derivatives of u, w, V on z*(x ,y) , where u(x,y,z* )  — const ., by

using

U — — Z*V* —z y x  x y  z

u t (? + l)u*z~w~ — z w  + v*]/J (7)

v ( ( f + l)u*Z*v*_ v a _ z *v*1/J

where 5, the Jacobian, ~(u,v,w)/3(x ,y, z), is

2 2J.(y+1)u*~* — z ~ —I.

When the Jacobia n, which is initially negative, vanishes we can no longer

compute the z derivat ives; this cor r ssponds to the subseque nt formation

of multi—valued solutions , i.e. , limit surfaces. If S — 0 occurs before

th. calculations produce a suitable stream surf ace def ined by w (x , 7, 0) ,

v(x ,y, 0) , then they must be rejected .

With the firstof Equa tions (7) inverted to give (dz/du)
~ , we take a

set increment in u, Au, to form a new isotach surface z*(x,y) + Az*(x ,y) .

This new shape , along with the mean vaLue of u between the twc surfaces

• and the second and third of Equations (7), provides the new values ,

w*(x,y) + Aw*(x ,y) , v*(x,y) + Av*(x,y), of w* and v~ on the next

• isotach. These values and the shape of the subsequent isotach are then

converted to continuous functions by one—d imensional cubic splints in the

• a and y coordinates. This “onion—peel”—like process is then continued

until z — 0, unless a limit surface intervenes . In the latter event the

solution must be rej ected . A more deta iled discussion of this procedure

is given in Ref. 20.
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TW0—D~~~~S tONAL RZSULTS

We have explored , ra ther extensively, some of the modifications that

can be made to an existing airfoil, nan~*ly an MACA 64A410 airfoil , to

obtain shock—free flow. We will. call this the baseline airfoil , as the

airfoil. shapes we generate are identical with this airfoil over tha t por-

tion vetted by subsonic flow; we need only modify the airfoil. over a

limited portion of its upper surface to obtain shock—free flows. Further,

this modif ication is not unique for fixed flight conditions ; rather , if

one such shape exists, there will, be an inf inite family of modifications

of the baseline airfoil that will. prod uce shock—free f low .

With a basel ine airfoil selected , here mainly for LUustrative pur-

poses , we then pick a set of flight conditions for which we wish to f ind a

modificat ion of the airfoil shape tha t will, result in shock—free flow . We

choose M_ — 0.72 and. ~~~, the angle of attack , 0.4 DEG . At these condi-

tions inviscid, flow calculations for the MA CA 64A410 baseline airfoil give

a C_
1, 

of 0.78 and a C~ of 0.0064 . The design proced ur e discussed

above results in an airfoil tha t is 9.3% thick and has a lif t coefficient

of 0.703. The ori~insi, and the design pressure coefficient, sonic lines,

and body shapes are compared in Figure 3a; these results , and aLl, other

“analysis ” r esults were computed using the numerical algorithm of Ref. 16.

F igur e 3b compares the pressure coefficients and sonic lines determined by

the design procedure with those computed for the design airfoil shape .

With this shock—free design established at M - 0.72  and with CL -

0.70, we now wish to determ ine the f amilies of shapes that provid e shock—

free flow for fixed lift coefficient as the Mach number varies , and fixed

Mach number as~ the lif t coefficient varies . This we have done with P - 0,

4 — 
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that is, with a constant density fictitious gas (at the critical value ) .

We have then explored other shapes that will produce the same l i f t  coe.ff i—

cient , 0.70, at a fixed Mach number, for three different Mach numbe rs ,

by tpking P to be —0.5 , 0.5 , and 1.0. Also, for P 0 we have

determined the maximum Mach number for which the design procedure will.

produc e a shock—fr .. airfoil , as a function of lif t coefficient . This

Mach number is nearly a Linear function of lift coefficient at larger lift

coefficients. The slope of this variation is consist~nt with that given by

Boexsto.l.~~’ Prel ~~~~ studies also indicate that for a fixed lif t

coefficient of 0.6—0.7 , an 0.1% increas e in the maximum Mach number

requires about an 0.2% reduction in the thickness for shock—free flaw,

when the nolrf ti..l thickness is about 10% . This resu lt is less optimistic

than the envelope of the hodograph designs given by Boerstoel, ~~~~
‘ who found

that only an 0.1% reduc tion was r equired. In our study the gener ic

family of the airfoil is invariant; we have not yet aT~Inined the modi.fica—

tions required when the baseline airfoil is near the envelope of hodograp h

designs. Positive values of P provide Less airfoil thickness reduction,

as th. fictitious and real gas densities are more nearly the same. The

range of our airfoil studies is dep icted in Figur e 4 , with shock—f ree

airfoils being determ ined for the points indica ted . Also shown in F igur e

4 is the ~~~~~~~~ Mach number for which a design was found as a function of

Lift coefficient for P — 0.

• The accuracy of the design procedur e was studied at a number of design

points by comparing the design ’s pressur e dit~icribution and sonic line shap e

with those obtained using the uumodified numerical algorithm to analyze the

design airfoil shape. Typical r esults are shown in Figur e 5. The sonic

line shape and initial data on th. sonic line are determined in the circle-

I
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plane; they then are mapped back to the physical plane. The method of
H

character istics in the hodograph variables is used to compute the design

pressure coefficient corresponding to the calculated airfoil. surface shape.

The agreement, as shown, is excellent. For designs tha t approac h the Mach

number at which a limit line first penetrates the surfac e special care must

be taken with the analysis code in order to obtain a converged solution .

These designs have very rap id expansions i ediacely following the sonic

line. Indeed, as Boerstoel21’ has noted, the analysis cod. used with an

optimization scheme Will not produce designs of this character .
4

Th. shock—free airfoil shapes that are obtained for fixed C.~, and P ,

fixed N and P, and fixed N and CL at various P’ s , are shown in

Figures 6—8 . One can overlay the results for fixed CL and find quite

similar airfoil shapes that are shock—free over a range of Mach numbers .

Because modifications to the baseline airfoil are required only over a

Limited portion of the upper surface, and a f amily of specified changes in

the airfoil. curvature is known for each set of flight condition s, a closely

related f amily of shock— free airfoil shapes can be generated . Thus the

minor modifications, to a limited portion of a wing surfac e, need ed to

produce shock—free flow over a prac tical range of flight conditions can

easily be determined .

T~~~~—D fl(~ iSIONAL RESULTS

Our first design resul ts using the method describ ed above were for two-

dimensional , small. per tu rbation flow past a parabolic arc airfoil. Cons.— • -

quently , we initiated. our three-dimensional studies with a rectangular ,

unawept wing with an aspect ratio of six and a parabolic ar c air foil. We

utilized the imall perturbation approximation , Equations (2) ,  and a parabolic

I
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thickness distribution; the airfoil was taken to be 6% thick at the center

plane. Th. flow was calculated using the algorithm of Ref. 19, modified to

return the equations to elliptic behavior as describ ed earlier . The initial

data on the embedded sonic surfac e was then used to compute the correct flow

in the supersonic domain using the “onion peel” algorithm of R.f . 20. This

defines new wing surface slopes . Th. flow past this shock—free design was

then analyzed, using the un~odif ted numerical algorithm. Figur e 9 compares

the pre ssure distributions on the original and design wing, at various

lateral positions, for M_ — 0.87. Also shown are the cross sections of the

sonic surface at the same lateral stations. The only essential differences

in the pressur e occur in the supersonic domain, which is consistent with the

design process. The modifications made to the wing slope , shown in Figure

10 for several lateral s tations, have ..1fmhi~~ted the shock wave.

A subsequent, more realistic, calculation was made for the plan.form

sketched in Figure II. The wing section chosen was an NACA 64A410 pro-

file at the center section and an elliptic thickness distribution. The

leading edge sweep was taken to be 30 DEG , the trailing edge 15 DEG and

the span to chord ratio five. The sonic surface is aLso depicted in Figur e

II. Figure 12 compares the pressure coefficients on the upper surface ~f

the original wing and the wing designed to be shock free . While the reduc-

tion in drag for this wing is small compared to the induced drag , it is

clear that the wing modifications have essentially el~”1~~ ted the shock

waves, and , consequently, the wave drag . More importantly , shock wave

induced boundary Layer separation is avoided.

We pause at this poin t to stress chat the above compar ison is obtained

by computing the flow pas t the original wing and the design wing , using the

same numerical, algorithm. The process that leads to the new wing shap e

- -  
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also provid es th. pressure on the wing . Because th is pressur e , and the new

design shape, result from a problem that is presumably i,U posed , the

r esults were considered suspect until verified by the original. numerical

algorithm. Our experience with the calculation of the three—d imensional

supersonic flow field is limited . But this limited experience seems to

conf irm that r educing the isotach or lateral mesh size to small values gives

results that are indicative of an instability. At this juncture we can only

say that resul ts of engineering interes t are obtained in three-dimensional

flows, no doubt because the flows of interest are frequently those whose

behavior is generally smooth and locally analytic.

CONCLU S ION

A, novel, and simple procedure for det.r ~{n{ng modif ications tha t will

make a baseline conf iguration shock—free for supercritica.L flight conditions

has been delineated. . For two—dimensional , inviscid flows , shock—free de—

- signs are obtained in seconds on a CTB~~ 175. Families of airfoils that are

shock—free at fixed, as well as varying, flight conditions are found . The

same procedure has been applied to three—dimensional wings, resulting in

wing modifications that make the wings shock—free when the flow is analyzed (
with the uumerica.l algorithm that was modified to becom. a design tool. It

can also be applied to the design of shock-free cascades. A unique fea ture

of the procedure is that any code tha t is effective in computing the flow

field may be modified, in various ways , to be a design algorithm if it is

coupled with a method for calculating the solution in the supersonic

domains for given data on the sonic surfaces. A straightforward narching

technique for such computa tions is described for three—dimensional flows;

in two dimensions either the marching procedur e or the method of
I
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characteristics may be used for the supersonic domain . The algorithm for

the supersonic domain serves to define the modifications needed in the

conf igura tion to achieve shock—fre e flow; thes* modifications will. be

limited to that portion of the design shape that ar e wetted by supersonic

flow .

AC~~OWt~~~~~~T

This research was carried out by the Computational Mechanic s laboratory

of the Depar~~snt of Aerospace and Mechanical Engineering . The work was

supported by AZOSR. Gran t 76—2954E, ~*SL Grant NSG—2li2, and ONR Contract

N00014— 7 6—C—0182. The authors are indebted to the technical monitors for

constructive c~~~~”es and encourag~~ant during the course of this investi—

gation. They also wish to eh.~nk Mr. Howard ~1ebeck for carrying out the

calculations for the airf oil. studies and Mr. Patrick DeSbazo for m.~ aging

the computer facilities and the davalopment of supporting algorithms.

I



—18—

REFERENCES

1. Morawetz , C. S., “On the Non—existence of Continuous Transonic Flows
Past Profiles, I, II, and III ,” Co. Pure and Apol. Math. 9 , 10, and
11 (1956, 1957 , and 1958), 45-68 , 107—131, 129—144 .

2. Cook , L. P . ,  “A Uniqueness Proof for a Transon,ic Flow Problem,”
Indiana Univ. Math. J. 27 (Jan .,—Feb. 1977), 51—72.

3. Whi tcomb , R.. T. and Clar k, L. R . ,  “An Airfoil Shape for Efficient
Flight at Sup ercriti cal Mach Numbers,” NASA. ~ ( X—llO9 (Con.fidentiaJ.
Report) , July 1965 .

4. Pea rcey, K. K. ,  “The Aerodynamic Design of Section Shapes for Swept
Wings,” Advan. Aero. Sci. 3 (1962) , 227—322.

5. Garabedian, P. R. and Korn , D. G.,  “Numerical Design of Transonic Air-
foils,” Numerical. Solution to Partial Differential. Equations, Vol. II ,
Academic Press , Mew tork , 1978 , 253-271.

6. Nieuwland , G. t ., “Transonic Potential Flow Around a Family of Quasi—
elliptical Airf oil Sections ,” National Lucht-en Ruimtevaart Labora—
tor ium Report ~~—T 172 , Amsterdam , The Nether lands , 1967.

7. Boerstoe.L, J. W.,  “Design and Analysis of a Kodo grap h Method for the
Ca.Lcula tion of Sup ercritica.l. Shock—free Airfoils,” NationaaJ. Lucht—en
Ru lmtevaar t Laborator ium Repor t IR 77046 U , Amsterdam, The Netherlands,
1977; also Boerstoel, J. W. and Ruizing , C. K.,  “Tra nsonic Shock—free
Aerofoil Design by an Analytic ifodograph Method , ” AIAA Pap er 74—539 ,
Palo Alto , California, June 1974.

8. Sobieczky, K.. , “Zntwur f ~iber kritis cher Profile mit Rilfe der
rheoelektrischen Anal.ogie,” Deutsche Forschungs—und Versuchsansta.Lt
fUr T..uft—und Raumfahr t Report DLR— F3 75—43, G3ttingen, West Germany,
1975.

9. Ricks, a. N. and Vanderplaats , C. N. ,  “Application of Numerical
Op timization to the Design of Supercr itical Airfoils Without Drag—
Creep ,” Soc. Automotive Engineers , Business Aircraf t Meeting Paper
No. 770440.

10. Ricks , R . and Renn, P. A. ,  “Wing Design by Numerical 0ptimiz~tion,”
A L&A Aircraf t Systems and Technology Meet ing , Seattle , Washington,
Aug . 1977 , AIAA Paper No. 77—1247.

11. Proceed ings AI&R Conference, Advanced Technology Airfoil Research,
NASA L2ngley Research Center , Mar ch 1978 .

12. Sobieczky , K., “Die Berechnung lokaler Riumlicher Uberschall.felder, ”
lectur e at Geselhscha.ft fu r  ang.wandte Mathematik und Mechani.k ,
Copenhagen , May—June 1977 , Z.thM 58T (1978), 2l5—2l.6.

13. Sobieczky , H. , “Transformati on Methods for Thre e-dimensional Compress— r
ible flow,” Deutsche Forschungs— und Versuchsanstalt fUr Luft—und
Raumfahrt Report , G~ ttingen, West Germany , in preparation.

r

-~ — — --— - -~~~~~ . .— ~~~~~~~~~~~~~ ~~~~~—~~~-- —  —~--.-----~~~



~~~ .1~~

14. Sobieczky , K. and Seebass , A. 3.. , “Adaptive Airfoils and Wings for
Shock—free Sup ercri tical flight ,” Invention Disclosure , University of
Ar izona , Tucson , Arizona, May 1978 .

1.5. Keyes , W. D. and Prob stein , R. F . ,  Hypersonic Flow Theor y, Vol . I ,
Inviscid Flows, Academic Press , New York , 1966.

16. Jameson, A . ,  “Iterative Solution of Tran sonic Flows Over Airfoils and
Wings,” Co.~~ Pure and Appl. Math. 27 (1974) , 283—309.

17. Bauer, F., Garabedian, P. ,  Korn, D. ,  and Jameson , A. ,  “Supercritical
Wing Sections,” Lec tur e Notes in Economics and Mathematical Systems,
N. Bec~~~nn and H. P. Kunzi (Ed a .), Vol. 108 , Spring er—Verlag ,
Berlin, Heidelberg, New York , 1975.

18. Ba.Llhaus , W. F. , Bailey , F. 3 . ,  and Tr ick , J., “Improved Computational
Tre a~~ent of Transonic Flow about Swept Wings ,” Advances in Engineering
Sciences, NASA CP—2001, 1976.

19. Mason , U. H . ,  Ma ckenzie , D. , Stern , N., Bal.lhaua , U. F . ,  and Pric k , J . ,
“An Automated Pro cedure for Computing the Three—d imensional Transonic
Flow over Wing-body Combina tions, Including Viscous Ef f ects ,” Vols. I
and II, Air Forc e Flight Dynamic Labora tory Report APTDL-~~-77 ,
Wright—Patterson Air Force Base, Ohio , Feb . 1978 .

20. Sobieczky , H., “A. Computational Algortthm for Embedded Super sonic
flow Domains,” University of Arizona Engineering Experiment Sta tion
Report , Tucson, Ar izona, July 1978.

2.1. Boerscoel., 1. U., “Review of the Appl ication of Rodograph Theory to
Transonic Airfoil Design and Theoretical and Experimental Analysis of
Shock—free Airfoils,” Symposium Transsonicum II, K. Oswatitsch and
D. Rues (Eds.), Spring sr—Veriag , Berlin, Heidelberg , New York , 1976 ,
109—133.

I

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



—20—

FIGUBZS ¶

Figure 1. Sketch of shock—free flow past a lifting wing depicting the
sonic surface obta ined by introducing fictitious behavior
thaide this surface that results in elliptic equations . The
correc t flow in this supersonic domain is subsequently calcu-
lated us ing the initial data on the sonic surface. This
calcula tion prov ides the wing geometr y modif ications needed
to obtain shock—free flow.

Figur e 2. Sketch of two neighboring isotach surfaces used in the calcu—
lation of the supers onic domain for Equations (2) .

f igur e 3. Comparison of the pressure coefficients and sonic lines for
the baseline MACA 64A410 and the shock—free airfoil obtained
from it by the direct design procedure.

Figure 4. Par ameter space explored for the shock—free airf oils tha t can
be obtained when the base line conf iguration is an MACA 64A410
airfoil .

Figure 5. Comparison of th. pressure coef f icient and the sonic line
obtained by the design calculation that modifies th~ airfoil
shape with those obtained by computing the flow past the
modified airfoil with the numerical algorithm of Ref. 16.

Figure 6. Shock—fre . airfoil shape s for fixed lift coefficient and vary-
ing Mach number. Th. fic titious gas baa a cons tant density in
the supersonic domain . The vertical scale is magnified five
times and the baseline airfoil is an NACA 64A410.

f igur e 7. Shock—free airfoil shapes for fixed Mach number and var ying
lift coef f icient. The fictitious gas has a cons tant density in
the supersonic domain . The vertical scal e is magnified five
times and the baseline airfoil is an MACA 64A410 .

F igur e 8. Shock—free airfoils obtained at the same flight conditions by
varying the exponent of Equation (ic) and thus changing the
density ’s dependence on f low speed . The vertical scale is mag-
nified five times and the baseline airfo il is an MACA 64A4lO .

Figure 9. Sonic surface for the shock—free rectangular wing obtained by
modifying a wing with a parabolic arc airfoil section , and the
pressure coefficients on the original and modified wing as
calcu lated by the numerical a1goritI~ of Ref. 19. The thickness
distribution of the baseline wing is parabolic.

Figure 10. Changes r equired in the surface slope at various lateral sta—
tions to provide shock—fre. flow over the rectangular wing of
Figure 9.

Figure 11. Sonic surface on the shock—free swept wing used that corresponds
to the design pressure coefficients shown in Figure 12.
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Figure 12. Compar ison of the computed pressure coefficient on a swept wing ,
with an MACA 64A410 center sect ion profile and an elliptic
thickness dis tribution , with the pressure coefficient obtained
by computing the flow past the modified wing using the same
numerical algorithm. The leading edge sweep is 30 DEC and the
trailing edge sweep 15 DEC.
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